Abstract. Taro (Colocasia esculenta L. Schott) is a root crop widely grown in the Tropics. To determine the optimum plot size for taro field trials, fresh and dry weights of individual corms were collected from two field trials conducted under flooded culture and two conducted under upland culture. For a given maximum test plot with a single border row surrounding inner measured plants, all possible combinations of smaller plot sizes were investigated. A plot size was defined as a given number of adjacent plants. A strong linear relationship was found between the natural logarithm of variance of yield and the natural logarithm of plot size. Expressed on the non-log-transformed scale, the point of maximum curvature in this relationship indicates a sudden decrease in advantage to larger plot sizes and is taken as optimum. Calculating maximum curvature mathematically, optimum plot size was 21 inner plants (5.7 m 2 ) for the second flooded trial and 18 inner plants (4.9 m 2 ) for the second upland trial. Another method of estimating optimum plot size minimized the cost per unit of research data by using the index of degree of correlation between neighboring plots. In three of four trials, the optimum plot size ranged from 16 to 24 inner plants (4.3 to 6.5 m 2 ). In this second method, we calculated a non-linear relationship between plot size and outer border plants to estimate the fixed and per-unit cost of a single border row surrounding the inner measured plants. Both methods of calculating optimal plot size sometimes resulted in estimates that exceeded the maximum test plot size for particular field trials, indicating limitations of each method and the importance of managing field trials to ensure uniformity across treatments. No evidence of spatial autocorrelation was found in the corm yield of taro, indicating that the two methods used were adequate in calculating optimum plot size. In addition, we conducted an analysis based on statistical power but found that plot size did not materially affect the power to detect differences between treatments. To our knowledge, this is the first report of optimum plot size for field trials of taro.
). In this second method, we calculated a non-linear relationship between plot size and outer border plants to estimate the fixed and per-unit cost of a single border row surrounding the inner measured plants. Both methods of calculating optimal plot size sometimes resulted in estimates that exceeded the maximum test plot size for particular field trials, indicating limitations of each method and the importance of managing field trials to ensure uniformity across treatments. No evidence of spatial autocorrelation was found in the corm yield of taro, indicating that the two methods used were adequate in calculating optimum plot size. In addition, we conducted an analysis based on statistical power but found that plot size did not materially affect the power to detect differences between treatments. To our knowledge, this is the first report of optimum plot size for field trials of taro.
Taro (Colocasia esculenta) is the fifth most harvested root crop in the world with production estimated at 9.0 million t for 2011 (Food and Agriculture Organization of the United Nations, 2012). It is a tropical root crop that is grown primarily for its starchy, underground stem (i.e., corm), although leaf blades and petioles are eaten also (Plucknett et al., 1970) . Corms are good sources of carbohydrates with easily digestible starch and have a favorable protein-to-energy ratio (Standal, 1983) .
Taro is traditionally planted using vegetative propagules and is grown under flooded (i.e., wetland) conditions or non-flooded (i.e., upland) conditions (Plucknett et al., 1970) . Typically, it is grown for six to 13 months.
Field trials are expensive to conduct both in terms of material inputs and time. There is a need to determine the minimum research plot size that will determine adequate yield characteristics as affected by various management options. In general, there are four methods for calculating optimum plot size (defined as number of measured plants in a plot): 1) determine maximum curvature of the relationship between variance of yield and plot size (Lessman and Atkins, 1963; Meier and Lessman, 1971; Smith, 1938) ; 2) minimize cost per unit of information (Smith, 1938; Swallow and Wehner, 1986; Zuhlke and Gritton, 1969) ; 3) use geostatistics to account for spatial autocorrelation in experimental design (Fagroud and Van Meirvenne, 2002) ; and 4) determine the plot size that maximizes the power to differentiate treatments. Smith's (1938) ''law'' was based on the empirical observation that a linear relationship was found between the logarithm of residual variance among plot means and the logarithm of plot size. When estimating mean yields from normally distributed data, the Fisher information is proportional to the inverse of the variance (Zucker, 2005) , so modeling the variance is tantamount to modeling the Fisher information. Smith (1938) found that the variance (or equivalently the information) is often linear as described in Eq. [1] . log(V x ) ¼ log(V 1 ) À b 3 log(x) [1] where V x = variance of means of contiguous plots of size x, V 1 = variance of a plot of smallest possible size, and x = plot size as a multiple of the smallest possible size. The coefficient ''b'' can then be interpreted as an index of degree of correlation between neighboring plots because it measures how quickly the variance decreases with increasing plot size.
Often, optimum plot size has been estimated visually based on the maximum curvature in the plot of V x vs. x (Boyhan et al., 2003; Vallejo and Mendoza, 1992) ; however, the apparent curvature in a figure plotting V x vs. x is sensitive to the relative scaling in the y-and x-axes of the plot (Smith, 1938) . Curvature is a well-defined mathematical concept and it is straightforward (see ''Materials and Methods'') to determine the point of maximum curvature. Subjective, visual interpretation of the point of maximum curvature, as it appears that several previous publications have used, is often incorrect, sometimes significantly so.
Smith's (1938) method estimated optimum plot size for unguarded plots (i.e., no border rows) based on an index of soil heterogeneity (''b'') and cost considerations (based on hours of labor). Larger plots could provide marginally more information about production attributes than smaller plots, but there is increased cost associated with increased plot size as described in Eq. [2] .
where X opt = optimum plot size, b is from Eq.
[1], K 1 = cost per plot for costs that do not depend on plot size, and K 2 = cost per unit area for costs that increase with plot size. The empirical method of Smith (1938) calculates a constant index of soil heterogeneity (''b''); however, if spatial autocorrelation between data points exist, then ''b'' may not be constant (Zhang et al., 1990) . Spatial autocorrelation means that lower variances are found for observations separated by short distances compared with those separated by long distances (van Es and van Es, 1993) . Fagroud and Van Meirvenne (2002) simulated 24 plot configurations, calculated variograms of each plot, and determined that the plot with the maximum nugget/sill ratio as the optimum plot size for a field experiment in Morocco.
A fourth method of determining the optimum plot size is based on the plot size and number of replications needed to detect a specific difference between treatments (Hatheway, 1961) . Using uniformity data, the true difference between two treatments (expressed as a percent of the mean) is plotted against plot size and number of replications. The experimenter could decide on the desired difference between treatment means and then could estimate the plot size and number of replicates from the graph to detect this difference (Boyhan et al., 2003; Hatheway, 1961) . This analysis was termed a power analysis, because it is related to the probability of finding a difference between treatments that does exist.
There is no previous literature discussing optimum plot size for field trials of taro. We hypothesized that: 1) flooded conditions would reduce moisture stress, resulting in more uniform growing conditions, reduced variability in yield, and reduced optimum plot size compared with upland conditions; 2) cultivars would differ in variability of yield, resulting in different requirements for optimum plot size; and 3) tissue-cultured planting materials would be more uniform in growth and exhibit less variance than traditional ''huli'' (i.e., stem cuttings).
Sweet potato (Ipomoea batatas Lam.) is a tropical root crop, and Vallejo and Mendoza (1992) plotted the relationship between the CV of yield and plot size using the maximum curvature method to visually estimate an optimum plot size of 30 to 60 plants covering 6 to 12 m 2 . Among several methods, Boyhan et al. (2003) The objective of this study was to determine the optimum plot size for field experiments of taro conducted either under flooded or non-flooded (upland) conditions and to compare the various methods of determination. We compared two methods of estimating optimum plot size and showed the importance of mathematically determining maximum curvature in the first method. In the second method, we developed a novel procedure of calculating the cost of border rows. In addition, we conducted geostatistical analysis, including variography and visual inspection of maps of the dry weight of corms grown under both flooded and upland conditions, and found no evidence of spatial autocorrelation. Finally, we examined the effect of plot size on the power of differentiating treatment means and found little effect of plot size on two statistical parameters used to estimate power.
Materials and Methods
Copper taro Trials 1 and 2 ( flooded). To determine optimal plot size, eight extra plots were inserted into two field trials determining the effects of copper (Cu) (Ikawa et al., 1985; National Resource Conservation Service, 2012) . Soil pH of aerated soil was 4.60 (in H 2 O) (Ikawa et al., 1985) ; however, lime was not added because soil pH is known to increase on flooding. For Trial 1, fertilizer (16N-6.5P-12.5K analysis) was applied in equal amounts (560 kg · ha -1 ) at 1, 3, and 5 MAP and 10N-2.2P-26.6K fertilizer was applied in equal amounts (560 kg · ha -1 ) at 7 and 9 MAP for a total of 380 kg nitrogen (N) per ha, 135 kg phosphorus (P) per ha, and 510 kg potassium (K) per ha. In an attempt to increase corm yields, fertilizer rates were increased in Trial 2 with fertilizer (16N-6.5P-12.5K analysis) applied in equal amounts (560 kg · ha -1 ) at 1, 2, 3, 4, 5, and 6 MAP and fertilizer (10N-2.2P-26.6K analysis) applied (560 kg · ha -1 ) at 7 MAP for a total of 600 kg N per ha, 230 kg P per ha, and 570 kg K per ha. Weeds were controlled by hand-weeding.
Air temperatures (maximum and minimum) were recorded with an automated data logger (CR10; Campbell Scientific, Logan, UT) during Cu Trial 1. Maximum air temperatures ranged between a high of 29°C during Sept. 1995 and a low of 24°C during Feb. 1996. Minimum air temperatures ranged between a high of 22°C during Sept. 1995 and a low of 17°C during Mar. 1996. Rainfall data was not considered relevant because taro was grown under flooded culture. No weather data were collected during Cu Trial 2 as a result of equipment failure.
Taro were harvested early at 10 MAP in Cu Trial 2, because it was observed that corms were developing a condition called ''loliloli'' in which starch was translocated out of the storage organ, resulting in poor eating quality and an increasingly greater susceptibility to rot. One possible reason for the ''loliloli'' condition of corms observed in Cu Trial 2 could have been flooding at the experimental site at 8 MAP that resulted in excess nutrients stimulating plant regrowth during the maturation phase and starch removal from corms.
Individual main corms from the inner 72 plants were harvested, washed, and weighed. Rotten portions of corms were removed and corms reweighed, because commercial yields of taro are based on fresh weight of corms with rotten portions removed. A subsample was taken, weighed, dried to a constant weight at 55°C, and reweighed to calculate average percent dry matter. Dry weight of corms without rot was estimated by multiplying fresh weight of corms (with rot removed) by the dry matter fraction. It was decided that the best measure of yield and disease resistance was corm yield on a dry weight basis with rot removed, because this parameter is related to both fresh weight yield and an estimate of starch content.
White taro Trials 1 and 2 (upland). To determine optimal plot size, eight extra plots of each cultivar were added to an upland, rainfed field trial (white taro Trial 1) that compared two cultivars of taro, cvs. Bun Long (commercial, Chinese taro cultivar) and Mana Lauloa (traditional Hawaiian taro cultivar that produces relatively white corms and flour). . There were four border plants per row and one border row, and the inner 60 plants (six rows 3 10 plants) were measured individually for corm yield (Table 1) . Four plots of each cultivar were planted on 15 Mar. 1994 (winter planting) and 12 May 1994 (spring planting) using tissuecultured plantlets that had been grown in the nursery for approximately three months. Total number of plots to evaluate optimal plot size was eight per cultivar; unfortunately, as a result of wild pig damage, usable data were not measured in all plots of cv. Bun Long planted during the spring and one plot of cv. Mana Lauloa planted during the spring, resulting in a total of four measured plots for cv. Bun Long and seven measured plots for cv. Mana Lauloa.
To estimate optimal plot size, eight additional plots of each cultivar were added into white taro Trial 2 that compared two taro cvs., Bun Long and Mana Lauloa. Each plot contained 72 plants (six rows 3 12 plants) at a spacing of 0.9 m 3 0.3 m for a maximum plot size of 19.4 m 2 with one border row surrounding the inner measured 40 plants (four rows 3 10 plants).
Each cultivar was planted into four plots using vegetative propagules (''huli'') and four plots using tissue-cultured plantlets that had been grown in the nursery for three months. As a result of a delay in obtaining sufficient planting materials, two blocks of Trial 2 were planted on 19 June 1996 and two blocks on 25 July 1996. Plants were harvested at 9 MAP for both trials.
The location of of CaCO 3 equivalents (consisting of 20% dolomite and 80% crushed coral) were applied then plowed into the soil to a depth of 15 cm. Phosphorus was banded in planting lines at 680 kg P per ha as triple superphosphate; this high rate was used because this volcanic ash soil is known to be P-fixing (i.e., P is unavailable to plants). Fertilizer (23N-0P-29.9K analysis) was broadcast at planting and again monthly in equal amounts (1120 kg · ha -1 ) up through 5 MAP for a total application of 1550 kg N per ha and 2010 kg K per ha. This fertilizer rate was intentionally high to make up for the expected losses resulting from the high annual rainfall in this geographic area that typically exceeds 3000 mm. The preemergent herbicide, oxyfluorfen [2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl) benzene] (Goal 1.6 E; Rohm and Haas Co., Philadelphia, PA), was applied after planting at 0.56 kg a.i. per ha. Rainfall and air temperatures (maximum and minimum) were recorded daily for both white taro trials (Campbell Scientific). During white taro Trial 1, maximum air temperatures ranged from a high of 28°C during Aug. 1994 to a low of 24°C during Mar. 1994. Minimum air temperatures ranged from a high of 22°C during Aug. 1994 and a low of 17°C during Feb. 1995. During white taro Trial 2, maximum air temperatures ranged from a high of 28°C during Aug. 1996 to a low of 21°C during Jan. 1997. Minimum air temperatures ranged from a high of 22°C during Nov. 1996 and a low of 16°C during Jan. 1997.
Taro was grown under rainfed, upland conditions, requiring %70 mm of rainfall per month for optimum growth. Sufficient rainfall occurred during white taro Trial 1, except during the harvest month when rainfall is not as critical for taro growth. For white taro Trial 2, however, inadequate rainfall occurred during the second MAP. Although hand-watering was conducted, plant mortality averaged 40% as a result of drought stress.
At 9 MAP, 60 individual corms were harvested per plot in Trial 1 and 40 individual corms per plot in Trial 2. Dead corms were treated as missing data. The same harvesting procedures were followed as in the Cu trials.
Calculation of optimum plot size using maximum curvature. In each of the four trials, plot sizes were formed by amalgamating adjacent plants into all possible rectangular plots of different sizes that would evenly divide up the whole plot while excluding border rows and border plants. These combinations differed depending on the total plot size and arrangement of plants within a plot for each trial. In Cu taro Trials 1 and 2, all possible plot sizes consisted of one, two, three, four, six, eight, nine, 12, 18, 24, and 36 plants (Table 2 ). In white taro Trial 1, all possible Table 3 sizes were one, two, three, four, five, six, 10, 12, 15, 20, and 30 plants (Fig. 1) . In white taro Trial 2, all possible plot sizes included one, two, four, five, eight, 10, and 20 plants.
The variance of total dry weight of corm minus rot was calculated across replications for each plot size. In this article, we used the natural logarithm (ln) rather than the log in Eq.
[1] (Smith, 1938) . The ln of the variance at that plot size was graphed against the ln of the plot size to estimate a linear relationship (PROC GLM; SAS Version 9.1; SAS Institute Inc., 2010). Preliminarily, this method was performed separately for each treatment, but later the results were combined after determining that the variance to plot size relationship was similar across treatments.
A relationship of the form of Eq.
[1], namely ln(V x ) = ln(V 1 ) -b 3 ln(x), implies that the variance is given by:
On the nonlinear variance scale, as the plot size increases, variance decreases and begins to level off. Mathematically, curvature is defined as the rate of change of the angle of a tangent to the curve as a point moves along a curve (Ellis and Gulick, 1972) and it is calculated mathematically by using the first and second derivatives (denoted y# and y$, respectively) of any equation as follows:
For Eq.
[3], the derivatives are:
y# ¼ ÀbV 1 x ÀbÀ1 , and
where y = variance, x = plot size, and b = is from Eq.
[1]. Calculation of optimum plot size based on minimized cost per unit of research information. In the Cu trials, labor and equipment costs were recorded for site preparation, paddy construction, planting, weeding, fertilizing, irrigating, harvesting, experimental planning, data collection, and data analysis (Table 3) . Material costs were recorded for planting materials (''huli'') and fertilizers. Examples of costs per plot that are considered independent of plot size (K 1 ) for this experiment are labor costs of transportation to the experimental site, time to set-up and then clean-up for a particular activity (such as initially placing fertilizers in buckets and then cleaning out buckets when finished), clearing of the irrigation ditch, experimental planning, and data collection and analysis. In addition, the cost for the first bag of fertilizer was considered to be a fixed cost. Examples of costs per plot that increased with plot size (K 2 ) are costs of planting materials, fertilizers (after the first bag), water, labor for planting, fertilizing, weeding, and harvesting each plant, and border rows after the minimum number of eight plants. Smith's (1938) formula for guarded plots required knowledge of the area of end border rows as well as the ratio of the width of border rows relative to that of the test area. Instead, we calculated K 1 and K 2 costs for border rows as follows. If the inner, measured plants are laid out in a rectangle of width (w) and depth (d), there are d 3 w plants surrounded by (2 3 d) + (2 3 w) + four border row plants. The fixed cost was estimated based on eight border plants (i.e., minimum number of border plants surrounding a plot size of one plant). To estimate the increase in border plants as the number of inner plants increased, denote the ratio d/w by l. Then, the number of inner measured plants would equal d 3 w or l 3 w 2 and the number of outer border plants minus eight would equal (2 3 d) + (2 3 w) -4. Substituting for d, the number of outer border plants minus eight would be 2 3 w 3 (l + 1) -4. Substituting for w, the number of outer border plants minus eight would result in the following equation:
where Outer = number of outer border plants minus eight, Inner = number of inner measured plants, l = ratio of d/w, d = number of inner plants in x direction, w = number of inner plants in y direction, and s and t are coefficients.
Using regression (PROC GLM; SAS Institute Inc., 2010) of Outer on the square root of Inner, we found the single best approximating coefficients t and s( l) that worked across the values of d and w for our field layout.
In the white taro trials, costs of labor, equipment, and materials were similar to the Cu trials (Table 3) with the following exceptions: paddies and irrigation lines were not prepared, herbicides were applied to control weeds, different fertilizer types and amounts were applied, fencing was installed to prevent pig damage to the crop, and tissue-cultured plantlets were used as propagating materials. Optimum plot size was calculated based on Eq. Calculation of semivariograms to quantify spatial autocorrelation. Often observations taken close to each other are more similar than those taken farther apart. Geostatistics allow for the calculation of variance of the variable Y as a function of distance as follows (van Es and van Es, 1993; Zhang et al., 1990) :
where Y i+h -Y i are observations taken at a spatial distance h from each other, and g(h) is called the semivariogram function.
To examine whether spatial autocorrelation occurred for yields of taro grown under both flooded conditions and upland conditions, x and y coordinates were determined for each plant in the Cu taro Trial 1 and the white taro trials. Using GS + (Version 9; Gamma Design Software, 2004), we calculated semivariograms for dry weights of corms (with rotten portions removed) for the entire experimental field and each plot.
Calculation of optimal plot size based on the power to differentiate treatments. Rather than using the method of Hatheway (1961) to determine optimal plot size and number of replications based on obtaining a certain true difference between means, we examined a whole new avenue of quantifying what is meant by ''best separated.'' We focused on two statistical parameters related to power or the probability of finding a difference that does exist. First, the estimated difference between two treatment means divided by its SE (std_trt) is a measure of how many SDs apart are the two means. Rules of thumb for the absolute values of std_trt are: 1) 0.1 is a small difference; 2) 0.5 is medium; and 3) 1.0 is large (Cohen, 1988) . Second, the probability value (P value) associated with testing treatment differences is related to power, because the proportion of times that you can reject the null hypothesis (i.e., the proportion of times that the P value is less than 0.05) is the statistical power. In other words, the smaller the P value, on average, the greater the statistical power. The plot size with the largest separation between the means (largest std_trt in absolute value) or the smallest P value would be the optimal one.
Results

Optimum plot size based on maximum curvature
Copper Trial 1. Based on a graphical comparison, no obvious differences in the relationship between ln(variance) and ln(plot size) were observed between the two Cu treatments (control and highest Cu level), and the data were combined. The linear relationship based on Eq. [1] (using natural logarithms) was calculated with r 2 = 0.97, and the index of degree of correlation between neighboring plots (''b'') was calculated as 0.87. Maximum curvature was calculated mathematically on the nonlinear variance scale (Fig. 2, top) using Eq. [4] . An optimum plot size of 95 plants was estimated; however, this number of plants exceeded the maximum plot size and was considered to be unrealistically high.
Copper Trial 2. Similar to Cu Trial 1, no obvious differences in the relationship between ln(variance) and ln(plot size) were observed between the two Cu treatments, and thus the data were combined. The linear relationship based on Eq.
[1] was calculated with r 2 = 0.99 and b = 0.84. Maximum curvature was estimated mathematically on the nonlinear variance scale (Fig. 2, bottom) using Eq. [4] . Optimum plot size was calculated as 21 plants (Fig. 3, top) in an area of 5.7 m 2 . White taro Trial 1. Based on visual comparisons, no obvious differences were observed in the relationship between ln(variance) and ln(plot size) for the two planting dates or the two taro cultivars, and the data were combined. Based on Eq. [1], the linear relationship was calculated with r 2 =0.97 and b = 0.76. Maximum curvature was estimated mathematically on the nonlinear variance scale (Fig. 4, top) using Eq. [4] . Optimum plot size was calculated to be 74 plants, a number that exceeded the maximum plot size and was considered not to be feasible.
White taro Trial 2. No differences were observed in the relationship between ln(variance) and ln(plot size) between the two types of vegetative propagating materials or between the two taro cultivars, and the data were combined. The linear relationship based on Eq.
[1] was calculated with r 2 = 0.96 and b = 0.96. Maximum curvature was estimated mathematically on the nonlinear variance scale (Fig. 4, bottom) using Eq. [4]. Optimum plot size was calculated to be 18 plants (Fig. 3,  bottom) on an area of 4.9 m 2 .
Optimum plot size based on minimized cost per unit of information
To solve Eq.
[5], the exact dimensions (d, w) of the plots must be known. Using non-linear regression (PROC GLM, Version 9.1; SAS Institute Inc., 2010), an estimate of l (i.e., ratio of d/w) of 1.5 provided a good fit to the data ( Fig. 5 ; r 2 = 0.82). The following equation was used to approximate costs of border plants that increased with plot size:
where Outer = outer border plants minus eight, and Inner = inner measured plants.
Copper Trials 1 and 2. In the two Cu trials, costs that were independent of plot size (K 1 ) and those dependent on plot size (K 2 ) were estimated at 9.86 and 2.78, respectively. Based on Eq. [2], optimum plot size for Trials 1 and 2 was calculated to be 24 and 19 inner plants, respectively, or 6.5 and 5.1 m 2 , respectively. White taro Trials 1 and 2. In the white taro trials, costs that were fixed (K 1 ) and those dependent (K 2 ) on plot size were estimated at 10.02 and 1.98, respectively. Based on Eq. [2], the optimum plot size for Trials 1 and 2 was calculated to be 16 and 121 inner plants, or 4.3 and 32.7 m 2 , respectively. The optimal plot size calculated for white Taro 2, was considered to be unrealistically high because it exceeded the maximum plot size.
Spatial autocorrelation of corm dry weights. Semivariograms of corm dry weights were computed for the entire field (Fig. 6, top) as well as individual plots (Fig. 6, bottom) of Cu Trial 1, and they exhibited essentially a pure nugget effect or a lack of spatial correlation even at the smallest possible lag spacing of 0.5 m (i.e., average spacing between plants). Similar results were found for Cu Trial 2 and white taro Trials 1 and 2 (data not shown). Optimum plot size based on the power to differentiate treatments Copper Trials 1 and 2. In Cu Trial 1, there were not any significant treatment effects between the two levels of Cu (zero and eight applications). Treatment differences divided by SE were close to zero and P values were quite large, indicating lack of statistical significance (Table 4) . Varying the plot size had little effect on treatment differences or P values. Similar results were found for Cu Trial 2 (data not shown).
White taro Trials 1 and 2. In white taro Trial 1, cv. Bun Long had greater corm weights than cv. Mana Lauloa. Treatment differences divided by the SE were very large (absolute values greater than 1.0) and P values were near 0, indicating statistical significance (Table 5 ). Varying the plot size had little effect on the large treatment differences or very significant P values. Similar results were found for white taro Trial 2 (data not shown).
Discussion
To determine optimum plot size to standardize field research on taro, an optimality criterion is needed. From a statistical point of view, the optimum number of plants grown would be equal to the entire population. From a cost point of view, however, the optimum number is one. Based on the maximum curvature method (Lessman and Atkins, 1963; Meier and Lessman, 1971; Smith, 1938) , the optimum plot size is the one with the fastest diminishing return of reduction in variance for increasing plot size. Using Eq. [4], optimum plot size was calculated mathematically to be 21 inner plants or 5.7 m 2 in Cu taro Trial 2 (flooded) ( Table 6 ). In white taro Trial 2 (upland), optimum plot size was calculated mathematically to be 18 inner plants or 4.9 m 2 , a result similar to that from the flooded trial.
This mathematical method of calculating maximum curvature also resulted sometimes in unrealistically high numbers when optimum plot size exceeded maximum plot size in the trials. If you examine Figures 2 and 4 , you will observe that variances of Cu taro Trial 1 and white taro Trial 1 were a magnitude higher than those for Cu taro Trial 2 and white taro Trial 2. The reasons for the much lower variances per plot size in the second trials are purely speculative, but they may be related to the greater experience of agricultural technicians and increased uniformity in the management of second field trials.
Several earlier methods of estimating optimum plot size were based on visual estimations of maximum plot curvature (Boyhan et al., 2003; Vallejo and Mendoza, 1992) . We recalculated the data of Boyhan et al. (2003) and found that the mathematical solution to maximum curvature differed substantially from the visual estimation. Based on our own experience, we found that the scale of variance on the y-axis could result in misleading visual estimates of maximum curvature. Mathematical calculation of maximum curvature [based on Eq. (4)] may not always result in optimum plot sizes that are feasible; however, this method is not based on subjective, visual estimates. Nokoe and Ortiz (1998) used segmented regression of quadratic and linear equations to calculate maximum curvature as an alternative to the subjective method of visual estimation. It was an attempt to avoid errors resulting from visual estimations; however, segmented regression does not directly estimate a point of maximum curvature and it is not obvious that a linear and quadratic equation would fit the data well in Figures 2 and 4 .
A second method of determining optimum plot size is based on Eq.
[2] that minimizes the cost per unit of information (Smith, 1938) . In the two Cu taro Trials, optimal plot size was estimated at 24 and 19 inner plants, respectively, or 6.5 and 5.1 m 2 , respectively (Table 6 ). In white taro Trial 1, optimal plot size was estimated at 16 inner plants or 4.3 m 2 . In white taro Trial 2, optimum plot size was estimated at 121 plants or 32.7 m 2 . This larger estimated plot size was the result of an estimated ''b'' from Eq. [1] of nearly one. Such a large value could have been the result of the high mortality rate caused by drought stress in these rainfed plants. It indicates that the variance decreases about proportional to the inverse of the plot size, which corresponds to about independent neighboring plots. When adjacent plots are about independent and when per plot costs are a significant fraction of overall costs (Table 3) , then it is cost-effective to increase the plot size. This finding is consistent with Lin and Binns (1986) , who concluded that if b > 0.7, then plot size should be increased to improve the efficiency and accuracy of a randomized complete block design.
The first two methods assume that ''b'' from Eq. [1] is constant; however, if spatially structured variation is strong, then this assumption is incorrect. A third method of estimating optimum plot size involves conditional stochastic simulations of various plot configurations and calculations of semivariograms for each plot (Fagroud and Van Meirvenne, 2002) . However, based on geostatistical analysis of yields in Cu Trial 1 (Fig. 6) , Cu Trial 2 (data not shown), and both white taro trials (data not shown), there was no evidence of spatial autocorrelation. It was decided that the two classical methods of optimal plot determination were sufficient under these flooded and upland field conditions. The fourth method of determining optimal plot size was based on the power of differentiating treatments. Unfortunately, this power analysis based on yield data for the four trials was not very informative for determining optimal plot size. In Cu taro Trials 1 and 2, there were not any significant treatment effects resulting from the application of Cu, even at the largest plot size. In white taro Trials 1 and 2, the opposite situation was found with large differences between cultivars and highly significant P values associated with treatment differences even at a plot size of one inner measured plant. To use this fourth method, an ideal experiment would be one with borderline statistically significant differences between treatments so that varying the plot size would make a difference.
In the introduction, we proposed three hypotheses about optimum plot size. Our first hypothesis that flooded culture would reduce plant stress, yield variance, and hence decrease optimum plot size was not supported by our research findings (Table 6 ). Using the maximum curvature method, optimal plot size was calculated to be 18 inner plants grown under upland culture and 21 inner plants grown in flooded culture. Similarly, using the method of minimized cost per unit of information, optimal plot size was 16 inner plants grown under upland culture, whereas it ranged from 19 to 24 inner plants under flooded culture.
Our second hypothesis that variance of yield in relation to plot size would vary between cultivars was not supported by our results. In the white taro trials, no obvious differences were found in the linear relationship between ln(variance) and ln(plot size) for each cultivar, and the data were combined for the maximum curvature analysis. In addition, the average optimum plot size was similar for the Cu trials and the white taro trials although each set of trials contained different cultivars (Tables 1 and 6 ). These taro cultivars varied from two Hawaiian cultivars (Maui Lehua in the Cu trials and Mana Lauloa in the white taro trials) to the Chinese cultivar Bun Long in the White Taro Trials, providing a wide range in genetic variability. These results indicate that this optimum plot size would be appropriate for research trials evaluating cultivar differences.
Our third hypothesis that tissue-cultured plants would exhibit a smaller variance compared with traditional planting materials (''huli'') was not supported by evidence in white taro Trial 2. No obvious differences were found in the relationship between ln(variance) and ln(plot size) for the two vegetative propagating materials and the data were combined in the maximum curvature method.
There is no literature reporting on calculations of optimum plot size for taro; the closest crop species could be the tropical root crop sweetpotato that also is propagated vegetatively. Using the maximum curvature method, optimum plot size of the tropical root crop sweetpotato was visually estimated to be 30 to 60 plants on 6 to 12 m 2 depending on ) is recommended for field trials of taro. These recommendations are based on use of border rows surrounding inner measured plants. Interestingly, in white taro Trial 1, the fourth method of using power analysis to estimate optimal plot size indicated that highly significant differences between cultivars were found even at a plot size of one inner measured plant (Table 5) .
Future research needs to examine whether border rows are necessary in field trials that evaluate taro cultivars. For example, Zuhlke and Gritton (1969) showed little difference in their calculations of optimum plot sizes for pea in guarded plots (3.3 m 2 ) vs. unguarded plots (3.1 m 2 ). In sugarcane (Saccharum spp.) selection trials, plot sizes that ranged between 1.82 and 4.88 m single-row plots were not found to affect the ability to confidently retain the top 1% of the genotypes evaluated (Milligan et al., 2007) . In contrast, in trials of rainfed, lowland rice (Oryza sativa) genotypes, yields of two-row plots were unreliable at a high soil fertility location, because tall genotypes shaded short genotypes (Jearakongman et al., 2003) . Based on visual observations of taro field trials, cultivars that differed in disease resistance and height could affect adversely the growth of neighboring cultivars within a row, although effects on plants in the next row depended on row width.
Conclusions
Our results indicated that 16 to 24 inner measured taro plants could be considered the smallest optimum plot size. However, if finances or space are limiting and if treatment differences are great enough, then it is possible that fewer inner measured taro plants could suffice to test for differences. These recommendations are based on the presence of random spatial variability in the field. At this time, it is recommended that these inner measured plants should be surrounded by border rows. Table 6 . Comparison of parameters (e.g., b, K 1 , and K 2 ) calculated for four field trials and optimal plot sizes (number of inner plants) based on two methods (e.g., maximum curvature and minimized cost per unit of information. 
